Abstract; Single crystals of tetramethylammonium tetrachlorozincate [N(CH 3 ) 4 ] 2 ZnCl 4 abbreviated hereafter as (TMA) 2 ZnCl 4 were grown using the slow evaporation technique at 315 K. The X-ray powder diffraction patterns indicated that [N(CH 3 ) 4 ] 2 ZnCl 4 belongs to the orthorhombic system with Pmcn symmetry at room temperature. The lattice constants are found to be a= 12.360 Å, b= 15.687 Å and c= 8.985 Å. The values were in good agreement with the values in previous studies. Ultraviolet-visible-near-infrared (UV-Vis-NIR) spectral studies were carried out in the temperature range 276-307 K. This range of temperature involves two phase transition temperatures (T i =296 K) from normal (parent) to incommensurate phase and (T c =279 K) from incommensurate to commensurate-ferroelectric phase. The cut off wavelength was found to be 195.016 nm at room temperature. The optical transmittance increases with increasing temperature, and the cut off shifts to higher wavelengths. Analysis reveals that the type of optical transition is the indirect allowed one. The optical energy gap (E g ) has the value of 5.903 eV at room temperature. The value of optical energy gap (E g ) decreases with increasing temperature. The changes in the values of the cut off wavelength and optical energy gap (E g ) with changing the temperature were found to take different rates at the two phases under study, besides anomalous takes place at T i and T c . The absorption coefficient (α) as a function of the incident photon energy shows an exponential behavior near the absorption edge which suggests that the Urbach rule is obeyed and indicated the formation of a band tail. Urbach parameters were calculated at different temperatures and the frequencies of effective phonons and electron-phonon interaction constants were determined for various phases.
INTRODUCTION
The A 2 BX 4 type crystals (with A=K, NH 4 , Rb; B=Zn, Co, Mn, Cu; X=Cl, Br, I) have been interested because of their incommensurately modulated structures and the successive phase transitions. Most of these materials exhibit many physical properties related to ferroelectric and commensurate or incommensurate phase transitions [1] [2] . A 2 BX 4 crystal family shows many physical properties related to structural phase transitions at low temperatures. These fundamental properties make this crystal family suitable for several applications such as temperature and humidity sensors [1] , and memory effects that manifest themselves as temperature anomalies in their physical properties [3] . Tetramethylammonium tetrachlorozincate (TMA) 2 ZnCl 4 crystal has turned out to be a very interesting member belong to a A 2 BX 4 , undergoes different phase transitions at and below room temperature. Under atmospheric pressure, the transition temperatures are 296 K, 280 K, 276.4 K, 182 K and 91 K. The highest temperature phase (parent or paraelectric phase, PE) belongs to the Pmcn symmetry. In this phase, a unit cell contains four formula units [3] . Among these transitions, a study of the C-IC transition (T c ) has attracted more attention because of interesting physical phenomena in its phase transition such as an abnormal polarization-electric field (P-E) hysteresis loop at temperatures near T c . At temperatures slightly above T c , the material consists of locally commensurate regions separated by a domain wall called a discommensuration (DC) of a phase solition, where the modulation and the phase of an order parameter change abruptly. It has been believed that DCs play a decisive role in the C-IC transition [4] .
Theoretical and experimental investigations were carried out on (TMA) 2 ZnCl 4 crystals for their variety of phase transitions. Anomalous changes of the spontaneous polarization, the coercive field, and the spectrum of the distribution of polarization relaxation times are detected in (TMA) 2 ZnCl 4 at uniaxial pressures in the range where a transition arises to a nonuniform state with several coexisting waves of structural modulation by Gladkii and Kirikov [5] . On the other hand, Lim and Jung [6] studied phase transformations in these crystals by proton magnetic resonance. Structural phase transition in TMA-compounds was carried out through thermal expansion measurements by Wiesner et al. [7] . The crystal structure in VI phase was reported by Curtiss et al. [8] . Dielectric relaxation was investigated by Hong et al. [9] and birefringence studies were conducted by Sveleba et al. [10] and Vlokh et al. [11] .
The previous optical studies on the NLO materials draw little attention in terms of temperature dependence of the optical properties. Therefore, the present work is devoted to study the crystallization and the effect of temperature on the optical properties of (TMA) 2 ZnCl 4 single crystal in a range of temperatures that involves two phase transition temperatures T c (commensurate-incommensurate phase transition) and T i (incommensurate-paraelectric phase transition).
EXPERIMENTAL PROCEDURE

Synthesis and Crystal Growth
Tetramethylammonium tetrachlorozincate was synthesized using tetramethylammonium chloride (C 4 H 12 NCl) and Zinc chloride (ZnCl 2 ) as starting materials. Salts of the starting materials were mixed in aqueous solution using double distilled water as a solvent in a stoichiometric ratio given by the following equation:
(1)
The synthesized material was subjected to repeat recrystallization by dissolving the crystallized salt in double distilled water and the recrystallization occur by the natural evaporation of the solution, this process was repeated several times for purification. The filtered clear solution was kept in a constant temperature bath of high accuracy. Good quality transparent seed crystals were obtained by spontaneous nucleation in 10 days. Single crystals of (TMA) 2 ZnCl 4 were grown by slow evaporation of the saturated solution at pH= 4, and at constant temperature (315 K) by using an indigenous crystal growth apparatus fabricated in our laboratory. The solution was saturated at the growth temperature (315 K) by slow evaporation or by lowering temperature gradually from higher temperature to this temperature. Small seed was suspended in the saturated solution using a nylon thread from a stirrer, which was rotated with speed of 20 rpm. Care was taken to minimize thermal variations and mechanical disturbances.
Powder X-ray Diffraction Measurements
For X-ray diffraction measurements, a sample from the crystal was grated very well until it became fine powder then small amount from this powder was taken to be used in these measurements. X-ray powder diffraction pattern was recorded using a Philips PW 1710 diffractometer. The measurements were swapped from 2θ = 4° to 2θ = 60° with step of 0.06°, copper target at 40 kV, 30 mA, a scanning speed of 0.06°/min and incident wavelength λ !! = 1.5418 Å.
Optical Measurements
The grown crystal was cut into thin rectangular plates about 1 mm in thickness and 20 mm 2 in area to be used for optical measurements. The prepared plates were transparent and clear from any noticeable defects. The optical transmittance was measured by using Shimadzu UV-VIS-2101 PC dual-beam scanning spectrophotometer with un-polarized monochromatic light in the range 190-900 nm. The temperature of the sample was controlled using an ultra-thermostat (Mgw Lauda type K2R, Germany) and it was measured with an accuracy of ±0.1 K. The optical transmittance was measured for the specimen for several times at different temperatures ranging from 272 to 307 K with step of 1 K.
RESULTS AND DISCUSSION
Crystal Growth and Structural Analysis
Single crystals of (TMA) 2 ZnCl 4 were grown by isothermal evaporation method. After 50 days, a highly transparent and well faceted good quality, optically transparent, large size single crystals with the dimension of 25 × 15 × 8 mm 3 were obtained as shown in Fig. (1) .
The X-ray powder diffraction pattern collected at room temperature is presented and the diffraction peaks were indexed in Fig. (2) . It is seen from the XRD pattern that the sharp peaks indicate the good crystallinity of the crystal. The (TMA) 2 ZnCl 4 crystallizes in the orthorhombic system with the space group Pmcn, and the unit cell parameters refined by the least square method and labeled according to international standards ( ! < ! < !). These values are in good agreement with the values reported in the literature and close to the average value of the parameters obtained for the (TMA) 2 ZnCl 4 [7, 12] as shown in Table 1 .
Absorption Coefficient
The absorption coefficient (α) can be calculated using the relation:
Where ! ! is the spectral transmittance and t the sample thickness.
The absorption coefficient (α) calculated using equation (2) is represented versus the photon energy ( hν ) for . The general trend of α is the continuous increasing with increasing hν, above the absorption edge α increases more rapidly with hν. At different crystal temperatures the α -hν dependence varies, as the figure shows that the magnitude of α decreases with increasing temperature. Near the transition temperatures the dependence tends to take a different shape near the absorption edge.
Optical Transition
The optical band gap (E g ) was determined from the measured optical data using the following equation:
Where α is the optical absorbance, B is a constant depends on the nature of the material, hν is the incident photon energy in eV, E g is the optical band gap and n is a constant describes the nature of the optical transition between the valence and conduction bands. By plotting (αhν) 1/2 , (αhν) 1/3 , (αhν) 2 and (αhν) 2/3 versus photon energy (hν) at different values of n; and select the optimum linear part. Equation (3) can be used to reveal the type of the optical transition. It is found that for (αhν) 1/2 the relation yields linear dependence, which indicate the type of the optical transition for this crystal is an allowed indirect transition; then E g value can be determined by extrapolating the linear portion to α=0. As shown in Fig. (4) , the plot was analyzed using the above equation. The values of the optical energy gap E g determined from Table 2 . Fig. (5-i) shows that the indirect energy gap decreases with increasing temperature. For example, it shifts from 6.005 to , indicated that, the commensurate-incommensurate transition is accompanied by an inflection in the curves, which is indicative of the presence of continuous phase transition. It was also suggested in [14] that the rotations of all tetrahedral groups are correlated near T i in the parent phase. It was also noted that, the intensity of quasi-elastic neutron scattering in the parent phase increases sharply when approaching the parent-incommensurate phase transition point (T i ) [15] .
Our results confirm the results reported earlier [13] with respect to the anomaly occurred in T i phase which is higher than that in T c phase, and attributed to the domain walls and to the onset of the free rotation of ZnCl ! !! ions at the transition temperatures.
The value of E g for (TMA) 2 ZnCl 4 crystal at room temperature (299 K) is 5.903 eV ( Table 2 ). This value is very close to the value of 5.89 eV calculated by El-Korashy [16] for the direct band gap energy at 300 K (the normal paraelectric phase) for this crystal. On the other hand, the calculated E g values for (TMA) 2 
Urbach Rule
The absorption coefficient dependence on the incident photon energy could be described satisfactorily by an exponential behavior at the absorption edge. At different temperatures the relation between the absorption coefficient (α) with the photon energy (hν) is given by Martienssen [18] who modified Urbach's rule [19] , to take the form:
Where α ! and hν ! are constants [20] depend on the characteristic of the crystal, hν is the incident photon energy, σ is the steepness parameter, a temperature dependent parameter which characterizes the broadening of the absorption edge [21] . Simple mathematical treatment of equation (4) makes the equation to take the form of linear dependence. In fact, a relation between Ln(α) and hν at certain constant temperature should yield a straight line and a family of straight lines could be obtained at different temperatures between 276 and 307 K which confirms the exponential dependence of the absorption coefficient (α) on the energy of the incoming photon (hν) as required by Urbach's rule (Fig. 6) . The straight lines, treated by the least squares method, converge to point with coordinates α ! and h ν ! called "converging point". Urbach's rule describes the broadening of the absorption edge and the formation of a band tail, thus another parameter, known as Urbach tail energy (E e ) which should be inversely proportional to σ, is introduced to describe the width of the tails due to localized states in the absorption edge [20] :
Using Equation (5) where the value of σ at each temperature was calculated from the slope of the associated straight line in Fig. (6) , the Urbach tail energy (E e ) is calculated at different temperatures. The obtained values are listed in Table 2. It has been found that the Urbach tail energy (E e ) decreases with increasing crystal temperature. More important, (E e ) and the optical energy gap (E g ) both exhibit two anomalies at the same temperatures 279 K and 296 K which corresponds to the crystal phase transitions T c and T i respectively ( Fig. 7-i; Table 2 ).
Broadening of the Absorption Edge
In ionic crystals, the equation relating the steepness parameter (σ) with the crystal temperature and photon energy can be written in the form [22] :
Where h! ! is the energy of the optical phonons interacting with the optical transitions, ! ! is a temperatureindependent but material-dependent parameter being inverse-ly proportional to the strength of the electron-phonon interaction (g) by the relationship [23] :
Values of g for (TMA) 2 ZnCl 4 crystals for incommensurate (IC) and commensurate (CF) phases are listed in Table  3 . The obtained data show that as the crystal undergoes phase transition a reduction occurs in the value of the coupling constant, and increase in the value of g after transition (i) (ii) (iii) Fig. (6) . Relation between Ln (α) and photon energy (hv) at different temperatures for (TMA) 2 ZnCl 4 single crystal (i) around the commensurate ferroelectric (CF) region (ii) around the incommensurate (C) region (iii) around the normal paraelectric (N) region. which is an evidence of an increase in the degree of ionicity of the crystal bonds. Also there is a change in the electronphonon interaction constant that may be attributed to a change in the ionicity because of modifications of crystallographic bonds, which occur at phase transition.
After developing tanh (
) in a power series of
) and ignoring all terms after the second term being very small, it will be possible to determine the steepness parameter and the energy of the participating optical phonons from equation (6) . The following equation is the result:
Which indicates a dependence of σ on quadratic temperature. In Fig. (7-ii) , values of σ are plotted with the corresponding values of 1/T 2 . This figure shows that, the steepness parameter (σ) have a drastic drop at 1/T 2 equal to 1.285 and 1.141 which corresponds to the temperatures 279 and 296 K, respectively. This anomalous behavior is similar to that observed at the same temperatures in the E g versus T relationship (Fig. 5-i) .
By linear extrapolation from the low temperature side the paraelectric region, (IC) region and commensurateferroelectric (CF), one can obtain the frequency of phonons participating in optical absorption (ν ! ) and the value of the electron-optical-phonon coupling constant (σ ! ). These values are listed in Table 3 . Table 3 shows that Urbach parameters are changing with crystal going from the normal to the incommensurate and to the commensurate-ferroelectric phases. The frequency ν ! of the phonons which interact most strongly in the absorption process drastically changes with the phase transition. The change in the electron-phonon interaction constant (σ ! ) may be attributed to a change in the ionicity because of modifications of crystallochemical bonds. The absorption tail and the steepness coefficient exhibit a discontinuous and drastic change at the phase transition temperatures. This result indicates that the phase transition influence the Urbach parameters. 
Temperature Dependence of the Absorption Edge
The temperature dependence of the absorption edge for (TMA) 2 ZnCl 4 crystals plotted in Fig. (5-i) . From this figure two remarks could be drawn. The first is the anomalies at the paraelectric to incommensurate phase transition temperature (∼296 K) and from incommensurate to commensurateferroelectric phase transition temperature (∼279 K). The anomalous behavior may be due to a change in the electronphonon interaction at phase transition. The second remark is the linear dependence of E g with T in both the paraelectric, incommensurate and commensurate phases.
A relation for the variation of the optical energy gap (E g ) with temperature (T) in semiconductors and insulators was proposed [24] :
Where E go is the energy gap value at 0 K, A and D are constants. Most of the variation in the energy gap with temperature may be explained with two mechanisms. The first is a shift in the relative position of the conduction and valence bands due to the temperature dependent dilation lattice [25, 26] . At high temperatures theoretical calculations [26] show that the effect is linear with temperature. In this region, this effect explains only a fraction (about 0.25) of the total variation of the energy gap with temperature. At low temperatures the thermal expansion coefficient is nonlinear with temperatures, for some diamond structure solids it becomes negative [27] over a certain temperature interval. Correspondingly, the dilations effect on the energy gap is also nonlinear. The second mechanism is that the major contribution comes from a shift in the relative position of the conduction and valence bands due to a temperature dependent electron lattice interaction.
In the commensurate-ferroelectric (CF), incommensurate (IC) and paraelectric (PE) or normal (N) phases, E g varies linearly with temperature. The temperature coefficients of the optical energy gap (β = dE g /dT) are calculated in the three phases and they have the values of (2.1x10 -3 eV/K), (-2x10 -3 eV/K) and (-5.3x10 -3 eV/K) respectively. Due to the negative sign of β in the (IC) and (N) phases, the optical energy gap shifts towards the lower energy side with increasing temperature. This variation comes from a shift in the relative positions of the valence and conduction bands due to a temperature dependent of electron lattice interaction [28] . A small fraction of the total variation of the energy gap may be attributed to a shift in the relative position of the valence and conduction bands due to the temperature dependence of the lattice dilation. Because of β CF > β IC > β PE , the optical energy gap (E g ) varies with temperature in the paraelectric (PE) or normal (N) phase by a faster rate than the rate in the other two phases. 3 were grown from aqueous solutions by isothermal evaporation method. The powder X-ray diffraction study confirms the lattice parameter values. It has been found that the optical energy gap studied through the optical properties of high-quality large bulk (TMA) 2 ZnCl 4 single crystals is temperature dependent. The dependence of the absorption coefficient on the photon energy and on the temperature near the absorption edge obeys the band theory with an exponent referring to the indirect allowed transition is the most probable type of transition. The linear dependence of the optical energy gap on temperature revealed anomalous behavior at the edge in the vicinity of the IC and CF phase transitions. The absorption coefficient exhibited exponential dependence on photon energy following Urbach's rule. The characteristic Urbach parameters were determined. Drastic changes of the parameters at the IC and CF phases were detected.
The following conclusions and possible applications can be listed:
• The results obtained in this study indicate that (TMA) 2 ZnCl 4 crystal is suitable for optoelectronic applications around room temperature.
• Below T i this crystal has also the ability of data and optical storage of information directly.
• (TMA) 2 ZnCl 4 crystal is conveniently transparent in the visible light region with low absorption coefficient in this region which make it suitable for antireflection layers of solar thermal devices and nonlinear optical applications.
• The optical properties of these crystals showed that the optical spectra vary with the temperature. The result of this, for example, is the thermo chromic effect. A very useful practical application is the wireless temperature sensors.
